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HIGH-PERFORMANCE LIQUID 
ION-EXCHANGE CHROMATOGRAPHY 

Gabriella Schmuckler 
Department of Chemistry 

Technion 
Israel Institute of Technology 

Haifa 32 000, Israel 

ABSTRACT 

The s e p a r a t i o n  and d e t e r m i n a t i o n  of amino a c i d s ,  s u g a r s ,  o r g a n i c  a c i d s ,  

a n i o n s ,  c a t i o n s ,  and metal complexes by t h i s  technique  are reviewed,and 

t h e  developments l e a d i n g  t o  i t s  advance i n  r e c e n t  y e a r s  are d i s c u s s e d .  

I n t r o d u c t i o n  

One of t h e  e a r l y  p u b l i c a t i o n s  s t r e s s i n g  t h e  promising p o t e n t i a l  of 

ion-exchange m a t e r i a l s  as  chromatographic  s u p p o r t s  was t h a t  by Applezweig 

( 1 )  i n  1948. S i n c e  t h e n  t h i s  chromatographic  a p p l i c a t i o n  h a s  made g r e a t  

s t r i d e s ,  and to-day a wide v a r i e t y  of s u b s t a n c e s  - o r g a n i c  and i n o r g a n i c  

molecules  such a s  amino a c i d s ,  sugars ,  o r g a n i c  a c i d s ,  c a t i o n s ,  a n i o n s ,  and 

metal complexes - can be e f f i c i e n t l y  s e p a r a t e d  and a c c u r a t e l y  determined by 

t h i s  method. Not, however, u n t i l  t h e  development of very smal l  r i g i d  

s p h e r i c a l  ion-exchange beads (5-15 p diameter )  s u i t a b l e  f o r  h igh-pressure  

o p e r a t i o n ,  could  t h i s  method be a p p l i e d  w i t h  a h igh  degree  of s e l e c t i v i t y  

and s e n s i t i v i t y .  

The m i c r o p a r t i c l e s  r e f e r r e d  t o  a r e  d i v i d e d  i n t o  two groups :  

1) T o t a l l y  porous r e s i n o u s  p a r t i c l e s  u s a b l e  i n  a wide range of pH v a l u e s ,  

i n c l u d i n g  a l k a l i n e  s o l u t i o n s ;  
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1888 SCHMUCKLER 

2 )  Bonded si l ica beads, t h e  ion-exchange groups  being permanent ly  bonded 

t o  small s p h e r i c a l  s i l i c a - g e l  p a r t i c l e s .  These i o n  exchangers  can  

only  be used i n  a c i d i c  s o l u t i o n s ;  but  t h e i r  r i g i d i t y  and f a s t  s u r f a c e  

i n t e r a c t i o n  makes them very  e f f i c i e n t  s e p a r a t o r s  w i t h  a very  h igh  

number of t h e o r e t i c a l  p l a t e s  i n  a chromatographic  column. 

The most wide ly  used f u n c t i o n a l  groups  i n  t h e s e  p a r t i c l e s  a r e  e i t h e r  

s t rong-base amines o f  t h e  -NR+3 type  ( f o r  a n i o n  s e p a r a t i o n )  o r  s t rong-  

a c i d  s u l f o n a t e  groups  of t h e  k ind ,  -RSOj- ( f o r  c a t i o n  exchange). 

The s e p a r a t i o n  mechanism i s  n o t  n e c e s s a r i l y  p u r e l y  e l e c t r o s t a t i c  i o n  

exchange. A d d i t i o n a l  f a c t o r s ,  such a s  hydrophobic  i n t e r a c t i o n s  and 

s p e c i f i c  a d s o r p t i o n  p r o c e s s e s ,  may a l s o  p lay  a v i t a l  r o l e  i n  e f f e c t i n g  

s e p a r a t i o n s .  

The e l u a n t s  employed i n  Ion-Exchange Liquid  Chromatography a r e  u s u a l l y  

d i l u t e  aqueous s o l u t i o n s  o f  s a l t s ,  a c i d s ,  o r  bases; but  i n  some cases t h e  

a d d i t i o n  of an organic  m o d i f i e r  g r e a t l y  speeds up t h e  m i g r a t i o n  and 

improves t h e  r e s o l u t i o n  of t h e  s u b s t a n c e s  being e l u t e d .  

T h i s  paper  i s  a review of Ion Exchange Chromatography a s  a n  a n a l y t i c a l  

t o o l  f o r  both organic  and i n o r g a n i c  a p p l i c a t i o n s .  

Ion-Exchange S e p a r a t i o n  of S a c c h a r i d e s  

Samuelson ( 2 )  w a s  t h e  f i r s t  t o  show t h a t  o l i g o s a c c h a r i d e s  can  be w e l l  

r e s o l v e d  on a s t rong-base anion-exchange column i n  which t h e  counter- ion i s  

a h y d r o p h i l i c  an ion ,  such a s  s u l f a t e .  The e l u a n t  i s  75% e t h a n o l  i n  w a t e r ,  

and a r e f r a c t i v e  index  d e t e c t o r  i s  used. Fig. 1 shows a chromatogram 

r e s u l t i n g  from t h i s  system. 

T h i s  s e p a r a t i o n  i s  based on normal phase p a r t i t i o n  o f  t h e  p o l a r  

s a c c h a r i d e  s o l u t e  molecules  between t h e  water - r ich  ion-exchange column and 

t h e  less p o l a r  a l c o h o l i c  e l u a n t .  A similar s e p a r a t i o n  can  be achieved  w i t h  

a l i th ium-loaded  c a t i o n  exchanger ,  which is  a s  h y d r o p h i l i c  a s  t h e  s u l f a t e -  

loaded  a n i o n  exchanger. S h o r t e r  r e t e n t i o n  times and  b e t t e r  r e s o l u t i o n s  can 

be o b t a i n e d  w i t h  a calcium-loaded cat ion-exchange r e s i n  ( 4 ) .  Water i s  t h e  

e l u a n t ,  and t h e  working tempera ture  i s  90°C. 

The development of a new, ex t remely  s e n s i t i v e  pulsed  e l e c t r o c h e m i c a l  

d e t e c t o r  by D. Johnson (12)  h a s  l e d  t o  t h e  product ion  of w e l l  r e s o l v e d  
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HIGH-PERFORMANCE LIQUID ION-EXCHANGE CHROMATOGRAPHY 1889 

1 
2 0 0  400 600 

Eluate volume (mil  

FIG. 1. Partition chromatography of xylan oligosaccharides 
in 75% thanol at 75OC. Resin bed: 4 x 600 mm, Technicon 
T5C, SO$-, 14 to 17 um. Nominal linear flow: 2.8 cdrnin. 
1, D-xylose (5 p g ) ;  2, di- (5 u g ) ;  3, tri- (6.5 ug); 
4 ,  tetra- (9 u p ) ;  5, penta- (12 u g ) ;  6, hexa- ( 2 5  u p ) ;  
7, hepta- (18 p g ) ;  and 3, octa-saccharide (25  up). 
(Ref. 2 ) .  

I I I I I 1 I I 
0 2 4 6 8 1 0 1 2 1 4  

minutes 

FIG. 2. Monosaccharide determination with calcium 
column. Column, dimensions: O.65x3Ocm; eluant: 
filtered and degassed water; flow rate: 0 . 5  ml/min; 
temp: 90'C; detection: refractive index (Ref. 4 ) .  
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1890 SCHMUCKLER 

chromatograms of d i l u t e  aqueous mono and d i s a c c h a r i d e  s o l u t i o n s .  A 

r e l e v a n t  chromatogram i s  p r e s e n t e d  i n  Fig. 3. 

T h i s  chromatographic  s e p a r a t i o n  i s  based on t h e  convers ion  of s u g a r s  

i n t o  a n i o n s  by e l u t i n g  w i t h  aqueous NaOH and s e p a r a t i n g  t h e  s u g a r s  on an 

anion-exchange column. The carbohydra tes  a r e  d e t e c t e d  amperometr ica l ly  by 

a p p l y i n g  a t h r e e - s t e p  p o t e n t i a l  sequence t o  a g o l d  working e l e c t r o d e .  The 

d e t e c t i o n  p r o c e s s  c o n s i s t s  of t h r e e  p a r t s :  

Adsorp t ion  of t h e  organic  molecules  and a n o d i c  o x i d a t i o n  of t h e  

a d s  o r  bed hydrogen : 

H H 
I I 
I 

R - C - OH --+ (R - C - 0H)ads. + (H')ads.  

H 

+ (H')ads.  -+ H + e 

Oxida t ion  of adsorbed  o r g a n i c  molecules ,  which had been electrw 

c a t a l y z e d  by Au(.OH) formed dur ing  t h e  f i r s t  s tep :  

H 

+ I 
( R  - C - 0H)ads. + Au(.OH)& Au + RCOOH + 2H + 2e 

Cathodic  r e d u c t i o n  of t h e  metal o x i d e s  cover ing  t h e  e l e c t r o d e  s u r f a c e .  
Fig. 4 i l l u s t r a t e s  t h i s  process ,  which i s  completed w i t h i n  360 msecs. 

The d e t e c t o r  r e f e r r e d  t o  above i s  e n t i t l e d  "Pulsed Amperometric 

Detec tor"  (PAL)). It performs very  w e l l  under  t h e  r i g h t  c o n d i t i o n s  and i s  

s e n s i t i v e  t o  low c o n c e n t r a t i o n s  (p.p.b.1 of carbohydra tes  and any o t h e r  

o r g a n i c  molecules  t h a t  can undergo a n o d i c  oxida t ion .  

Among t h e  s e p a r a t i o n  methods used f o r  s a c c h a r i d e s  t h e  one i n v o l v i n g  a 

b o r a t e  complex (13) should a l s o  be QentiOned. I t  i s  f e l t ,  however, t h a t  

t h e  newly developed e l e c t r o c h e m i c a l  (PAD) d e t e c t o r  ought t o  prove t o  be 

more advantageous ,  because i t  i s  based on s t r a i g h t f o r w a r d  an ion  exchange, 

which i s  both r a p i d  and a c c u r a t e .  

S e p a r a t i o n  of Amino Acids  

High-performance l i q u i d  chromatography of amino a c i d s  w a s  one of t h e  

major  developments  i n  ion-exchange s e p a r a t i o n ,  and a number of i n s t r u m e n t s ,  
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a 

b e 

f 

time - 

Psaks (100ppm) 
a. inositol 
b. sorbit01 
c. rhamnose 
d. arabinose 

f. fructose 

h. sucrose 

9 e. glumse 

I 9. lactose 

FIG. 3. Separation of aligosaccharides on an anion 
exchange column. Eluant: 0.15M NaOH at 36°C. (Ref. 12). 

m 
Ls < 
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' sb 120 180 240 300 0 60 I A O  
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FIG. 4 .  Triple potential program applied to the gold 
working electrode for the detection of carbohydrates. 
Oxidation current is sampled from 40 to 56.7 ms after 
the beginning of El. (Ref. 5). 
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1892 SCHMUCKLE R 

s p e c i a l l y  devoted t o  t h e  purpose,  have been developed. Eloore and S t e i n  

(6), i n  1951, e l a b o r a t e d  t h e  f i r s t  amino a c i d  f r a c t i o n a t i o n  based on t h e  

d i f f e r e n c e s  i n  t h e  pKa v a l u e s  of t h e  v a r i o u s  amino a c i d s .  The s e p a r a t i o n  

i s  e f f e c t e d  on a s t rong-acid ( s u l f o n i c )  c a t i o n  exchanger;  and b u f f e r  

s o l u t i o n s ,  t h e  pH of which i s  g r a d u a l l y  changed s e r v e  a s  e l u a n t s  ( g r a d i e n t  

e l u c i o n ) .  I n  1951 no r i g i d  ion-exchange m i c r o p a r t i c u l a t e s  were a v a i l a b l e ,  

s o  t h a t  t h e  s e p a r a t i o n  w a s  no t  as  e f f i c i e n t  as i t  i s  to-day. I n  Fig. 5(7) 

a t y p i c a l  amino-acid chromatogram, based on Moore and S t e i n ' s  p r i n c i p l e s ,  

i s  presented .  Gradien t  e l u t i o n  i s  c a r r i e d  o u t  w i t h  c i t r a t e  and b o r a t e  

b u f f e r s ,  t h e i r  pH being changed s tepwise  from 3 t o  9 . 6 .  A photometr ic  

d e t e c t o r  a t  546 nm i s  used wi th  a n inhydr in  post-column r e a c t i o n .  

T h i s  s e p a r a t i o n  i n i t i a l l y  took approximate ly  85 minutes;  but more re-  

c e n t l y  columns of g r e a t e r  e f f i c i e n c y  have been devised ,  wi th  which t h e  same 

chromatograms can be obta ined  i n  20 minutes  (4). T h i s  t ime-saving is of 

p r a c t i c a l  importance,  because i n  g r a d i e n t  e l u t i o n  a d d i t i o n a l  t i m e  i s  re- 

q u i r e d  f o r  t h e  r e - e q u i l i b r a t i o n  of t h e  column t o  i t s  o r i g i n a l  pH. 

9 14 18 

. .  
0 85 

Fig.  5. Continuous g r a d i e n t  e l u t i o n  of amino a c i d s  by 
ion-exchange chromatography us ing  a nonhal ide  
b u f f e r  system. (Ref. 7 ) .  
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HIGHPERFORMANCE LIQUID ION-EXCHANGE CHROMATOGRAPHY 1893 

A r i v a l ,  wide ly  used a n a l y t i c a l  method f o r  amino a c i d s  i s  reversed-  

-phase chromatographic  s e p a r a t i o n  w i t h  g r a d i e n t  e l u t i o n  u s i n g  phosphate  

b u f f e r s .  These s e p a r a t i o n s ,  t o o ,  a r e  compara t ive ly  slow, a l s o  due t o  t h e  

need f o r  g r a d i e n t  e l u t i o n .  E f f o r t s  a r e  t h e r e f  o r e  now being made t o  a c h i e v e  

f a s t e r  s e p a r a t i o n s  of p r o t e i n s  and t h e i r  h y d r o l y s a t e s  by reversed-phase 

chromatography but e l u t i n g  w i t h  micellar s o l u t i o n s  (8) .  These s o l u t i o n s  

are e f f i c i e n t ,  and r e - e q u i l i b r a t i o n  of t h e  reversed-phase column a f t e r  

g r a d i e n t  e l u t i o n  does  n o t  t a k e  up much t i m e .  

The PAD e l e c t r o c h e m i c a l  d e t e c t o r  a l r e a d y  mentioned,  which was or ig-  

i n a l l y  developed f o r  t h e  a n a l y s i s  of s a c c h a r i d e s ,  i s  a l s o  w e l l  s u i t e d  t o  

t h e  s e p a r a t i o n  of amino a c i d s  (9 ) .  

e l u t i o n  w i t h  0.25 Iy NaOH and are then  s e p a r a t e d  on an anion-exchange 

column. Fig.  6 shows a chromatogram of s e v e r a l  amino a c i d s ,  o b t a i n e d  w i t h  

a working p la t inum e l e c t r o d e  and a t h r e e - s t e p  p o t e n t i a l  wave form, which i s  

completed w i t h i n  750 msec. 

These a r e  conver ted  i n t o  a n i o n s  by 

S e p a r a t i o n  of Organic  Acids  

A wide v a r i e t y  of t h e  o r g a n i c  a c i d s  found i n  food p r o d u c t s  and i n  bio- 

l o g i c a l  f l u i d s  have been r e s o l v e d  and q u a n t i t a t e d  by two i o n  exchange 

methods. The one most commonly used i s  based on a n  e x c l u s i o n  p r o c e s s ,  i n  

which t h e  a c i d s  a r e  s e p a r a t e d  on a s u l f o n i c  c a t i o n  exchange r e s i n  i n  the  

hydrogen form. E l u t i o n  w i t h  a d i l u t e  minera l  a c i d  and UV d e t e c t i o n  

complete  t h e  chromatographic  system. A r e p r e s e n t a t i v e  example of t h i s  

merrhod i s  t h e  work of Turke lson  and Richards  ( l o ) ,  who s e p a r a t e d  e i g h t  

a c i d s  of t h e  c i t r i c  a c i d  c y c l e ,  a s  shown i n  Fig.  7. 

T h i s  s e p a r a t i o n  was c a r r i e d  out  on 30-35 pm p a r t i c l e s .  With t h e  

development of s m a l l e r  and more r i g i d  p a r t i c l e s ,  more e f f i c i e n t  s e p a r a t i o n s  

have been achieved  - see f i g .  8 ,  i l l u s t r a t i n g  t h e  s e p a r a t i o n  of 11 a c i d s  

w i t h i n  13 minutes. 

The o t h e r  approach t o  organic  a c i d  s e p a r a t i o n  i s  t o  c o n v e r t  them i n t o  

a n i o n s ,  f r a c t i o n a t e  them on a p e l l i c u l a r  a n i o n  exchange column, and e l u t e  

them w i t h  a n  a l k a l i n e  s o l u t i o n .  A suppressor  column i s  r e q u i r e d ,  and t h e  

d e t e c t o r  i s  of t h e  c o n d u c t i v i t y  type.  The advantage  of t h i s  system ( f i g . 9 )  

i s  t h a t  s imple i o n s ,  such a s  C1- and SO&=, can  be d e t e c t e d  t o g e t h e r  

w i t h  t h e  a c i d s .  

A s  r e g a r d s  t h e  mechanis t ic  a s p e c t  of t h i s  s e p a r a t i o n ,  m i x t u r e s  of low 

molecular  weight ,  s a t u r a t e d  and u n s a t u r a t e d  a c i d s ,  and hydroxy a c i d s ,  can  
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1894 SCHMUCKLER 

Column: 

Eluent: 0.25 M NaOH 
0.60 mL min-1 

Sample: 50 pL, 1 .O mM for each 
amino acid 

Waveform: C lree Tsble 1 ) 

Dionex 48F I10 W. 404C, 
1 cm i.d. x 25 cm) 

Fig .  6 .  Chromatogram of S e l e c t e d  Amino Acids Using 
Tr ip le -Step  Pulsed-Potent ia l  Amperometric D e t e c t i o n  
( R e f .  9 ) .  

be determined by t h e  methods descr ibed .  The main f a c t o r  i n f l u e n c i n g  

r e t e n t i o n  times a r e :  Molecular  dimensions,  a c i d i t y ,  and t h e  s p e c i f i c  

a d s o r p t i o n  of t h e  o r g a n i c  a c i d  molecules  on the  organic  m a t r i x  of t h e  ion  

exchanger .  Examination of a number of chromatograms has  i n d i c a t e d  t h a t  

t h e r e  i s ,  r a t h e r  u n f o r t u n a t e l y ,  no c l e a r - c u t  c o r r e l a t i o n  between t h e s e  

f a c t o r s  and r e t e n t i o n  t i m e s .  

S e p a r a t i o n  of Metal Ions 

Metal ions can be s e p a r a t e d  on i o n  exchangers  in e i t h e r  of two ways: 

a )  S e p a r a t i o n  a s  c a t i o n s  on r i g i d ,  low-capaci ty  i o n  exchangers ,  and 

e l u t i o n  w i t h  a c i d s  or  complexing a g e n t s ;  

b) S e p a r a t i o n  of a n i o n i c  meta l  complexes on a n i o n  exchangers ,  and 

e l u t i o n  w i t h  ion-pa i r ing  reagents .  
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I 

I 

Fig. 7. Separation of citric acid cycle acids 
(Ref. 10). 

I I I I I 
2 4  6 8 10 12 

minutes 

I 

1895 

Fig. 8. Isocratic separation of organic acids. 
( R e f .  4 ) .  
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A 
L 
C 

PtiC & Othei 
noprotlc 
janic Acids 

Glutaric 1 

i Succinnic 

Jll 1 1  

C 

vic 

/ 

/ 

- 

Tartaric 

SO.'- 
Mallc I 

Oxalic 

Column: Anion Ex. AS6 
Eluant: 20mM Na2C03. 

Flow Rate: 1.5 mUmin 
Detector: Conductivity. 

1OvS F.S. 
Suppressor: AMMS 

2mM NaOH 

I I I Oxalic 

Column: Anion Ex. AS6 
Eluant: 20mM Na2C03. 

Flow Rate: 1.5 mUmin 
Detector: Conductivity. 

1OvS F.S. 
Suppressor: AMMS 

2mM NaOH 

I 
0 10 20 30 

Minutes 

Fig.  9 .  Determina t ion  of d i p r o t i c  o r g a n i c  a c i d s  
by an ion  exchange. (Ref .  11). 

For  a n a l y t i c a l  purposes  t h e s e  s e p a r a t i o n s  a r e  bes t  a p p l i e d  by t h e  

technique  c a l l e d  "Ion Chromatography" (IC), i.e. t h e  a n a l y s i s  of d i s s o l v e d  

i o n s  by i o n  exchange chromatography. T h i s  is a s u c c e s s f u l  combinat ion of a 

s e p a r a t i n g  ion-exchange column, a n  aqueous e l u a n t  c o n t a i n i n g  a c i d s ,  bases, 

o r  salts ,  and a s e n s i t i v e  conductometr ic  d e t e c t o r .  Small  e t  a l .  (14)  were 

t h e  f i r s t  t o  recognize  t h e  g r e a t  p o t e n t i a l  of t h i s  technique  and i t s  a p p l i -  

c a t i o n  t o  i n o r g a n i c  a n a l y s i s .  R e p r e s e n t a t i v e  chromatograms of a l k a l i n e  and 

a l k a l i n e  e a r t h  m e t a l s  a r e  shown i n  f i g s .  iOa and lob.  

The s e p a r a t o r  columns f o r  producing t h e s e  chromatograms c o n s i s t e d  of a 

s p e c i a l l y  des igned  low-capaci ty  c a t i o n  exchanger .  The e l u a n t  used f o r  t h e  

purpose was d i l u t e  HC1, which h a s  a h i g h  background c o n d u c t i v i t y ,  and a 

s u p p r e s s o r  column w a s  needed t o  s u p p r e s s  t h e  r e s u l t i n g  h igh  s i g n a l .  For  

t h e  d i v a l e n t  a l k a l i n e  e a r t h  meta l  i o n s  ( f i g .  i 0 b )  a s t r o n g e r  e l u a n t ,  such 

as  e t h y l e n e  d iamine ,  must be used i n  o r d e r  t o  overcome t h e  e l e c t r o s t a t i c  

i n t e r a c t i o n s  i n  t h e  column. T r a n s i t i o n  meta l  i o n s  can be e f f i c i e n t l y  

chromatographed on s t rong-ac id  c a t i o n  exchangers ,  from which they  a r e  

e l u t e d  w i t h  m i x t u r e s  of e t h y l e n e  diamine and hydroxy a c i d s  (15 ,  16). 
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A) 2 

1: Lit,0.5ppm; 
2: Na+, 3 ppm: 
3: NH4+, 2 ppm; and 
4: K+,6ppm. 

L 

Li-Cr) 

!92+ 

Concentrations, ppm 
Ca2+ 3 
M Q ~ +  3 
~ r 2 +  10 
~ a 2 +  25 

0 30 60 
ELUTION TIME, SEC 

r I I I 1 
0 4 8 12 16 

TIME.MIN 

F i g .  10. Chromatographic s e p a r a t i o n  of a )  monovalent c a t i o n s ,  b) d i v a l e n t  c a t i o n s  
(Ref. 20 ) .  

A r e p r e s e n t a t i v e  example of a n i o n i c  meta l  complexes a r e  t h e  cyanide  

complexes of t r a n s i t i o n  metals. These have been e f f i c i e n t l y  chromatc- 

graphed by C. Pohlandt  ( 1 7 ) ,  t h e  r e s u l t s  being shown i n  f i g .  11. 

A major  advance i n  metal i o n  s e p a r a t i o n  i s  due t o  Elchuk and Cassidy 

( l a ) ,  who succeeded i n  i n t e r s e p a r a t i n g  t h e  l a n t h a n i d e s .  They used bonded- 

phase s u l f o n i c  c a t i o n  exchangers  t o  s e p a r a t e  14  l a n t h a n i d e s .  The e l u a n t  

used  was hydroxy- isobutyr ic  a c i d ,  which forms a n i o n i c  complexes w i t h  t h e s e  

ions.  With t h e  a i d  of g r a d i e n t  e l u t i o n  they  g e n e r a t e d  well  r e s o l v e d  

chromatograms, one of which i s  shown i n  f i g .  12. 

The order  of e l u t i o n  i s  d i c t a t e d  by t h e  l a n t h a n i d e  c o n t r a c t i o n  e f f e c t .  

Lu, which h a s  t h e  h i g h e s t  a tomic number of a l l  t h e  l a n t h a n i d e s ,  r e a c t s  most 

s t r o n g l y  w i t h  t h e  e l u a n t ,  producing t h e  s t a b l e s t  complex ion; whi le  La, t h e  

element  wi th  t h e  lowest  a tomic  number, e l u t e s  l a s t .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1898 SCHMUCKLER 

Inject I 
I 
I 
I 
I 
I 

1_ 

7 
0 

4 

i 
/ , I  

8 12 16 
TIME/MIN 

Fig. 11. The separation of five individual cyanide 
complexes (Ref .  17). 

Concentrations: 
F- 3 ppm 
Formate Bppm 
ErO3- lOppm 
CI- 4 ppm 
N02' lOppm 
HPO42. 30ppm 
8r- 30 ppm 
NO3: 30ppm 
5042- 26ppm 

0 2 4 6  
MIN 

Fig. 12. An Ion-Chromatogram of nine common anions 
(Ref. 19). 
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P30g3- 

1899 

1. ORTHOPHOSPHATE: 10 ppm 
2. PYROPHOSPHATE: 25 ppm 
3. TRIPOLYPHOSPHATE: 25 ppm 
4. TRIMETAPHOSPHATE: 2 5 ppm 

/P30105. 5. TETRAPOLYPHOSPHATE: 150 Pmn 

Column: HPIC-AS5 I2 in series) 
Flow Rate: 1.5 mllmin 
Eluant: 95 mM NaOH 
Conductivity: Background. 1 3 p  

0 2 4 6 8 1 0 1 2  
MINUTES 

F i g .  1 3 .  S e p a r a t i o n  of po lyphosphates  (Ref. 11). 

Anion S e p a r a t i o n  

The development of Ion  chromatography was a d e f i n i t e  breakthrough 

where t h e  chromatographic  s e p a r a t i o n  and q u a n t i t a t i o n  of a n i o n s  a r e  con- 

cerned.  Before t h e  advent  of Ion Chromatography t h e  de te rmina t ion  of 

s imple a n i o n s  involved  l a b o r i o u s  wet-chemical methods such a s  t i t r i m e t r i c ,  

g r a v i m e t r i c , ,  or  spec t rophotometr ic ,  t echniques .  Thanks t o  t h e  development 

of r i g i d ,  low-capacity an ion  exchange beads, e f f i c i e n t  columns could  be 

devised  f o r  t h i s  purpose. Fig. 12 i s  an example of t h e  chromatographic  

s e p a r a t i o n  of 9 common a n i o n s ,  which i s  completed w i t h i n  6 minutes  us ing  

s t a n d a r d  c h r o m t o g r a p h i c  equipment w i t h  s e n s i t i v e  conductometr ic  d e t e c t i o n .  

Anion s e p a r a t i o n  h a s  found many a p p l i c a t i o n s  i n  t h e  f i e l d s  of environ-  

mental ,  a g r o ,  geo,  and b iochemis t ry ,  i n  hydro-metal lurgy,  e t c .  (20 ) .  Fig. 

I 3  i s  j u s t  one example of t h e  many u s e s ,  demonst ra t ing  t h a t  Ion Chromato- 

graphy i s  advancing towards t h e  s p e c i a t i o n  of complicated mixtures ,  such 

a s  t h a t  of t h e  polyphosphates  shown. 
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The s u b j e c t  of an ion  HPLC h a s  r e c e n t l y  been reviewed by Haddad and 

Heckenberg (21) .  They d e t a i l  t h e  v a r i o u s  modes i n  which an ion  chromatogra- 

phy can be performed, and they  l i s t  34 d i f f e r e n t  a n i o n s  t h a t  can now be 

de te rmined  by t h i s  method. 

Conclusion 

T h i s  survey w a s  no t  meant t o  be a n  e x h a u s t i v e  t r e a t m e n t  of t h e  e n t i r e  

f i e l d  of Ion-Exchange Chromatography, which i s  amply documented i n  che 

l i t e r a t u r e  and i n  a number of review a r t i c l e s .  The p r e s e n t  paper  should  

mainly be taken  a s  an overview of t h e  f i e l d  i n  g e n e r a l  i n  o r d e r  t o  show how 

t h e  development of ion-exchange r e s i n s  and t h e  improved unders tanding  of 

t h e i r  mechanism were adapted  t o  t h e  frame of HPLC as  w e l l  a s  t h e  g r e a t  

v a r i e t y  of o r g a n i c  and i n o r g a n i c  compounds t h a t  can be s e p a r a t e d  and 

determined wi th  t h i s  method. 

References  

(1) Applezweig, N.,  Ann. N.Y. Ac. Sc i . .  1984, G, 295. 

( 2 )  Samuelson, O . ,  Chromatography of Ol igosacchar ides .  "Advances i n  
Chromatography", Vol. 1 6 ,  Marcel  Dekker, N.Y. 1978, p.113. 

( 3 )  Walborg, E . F . ,  and Kondo, L.E., Anal. Biochem.,l970, 2, 320. 

( 4 )  Benson, J .R . ,  and Dexter  J. Woo, J. Chrom. S c i . ,  1984, 2, 386. 

( 5 )  Rockl in ,  R.D., and Pohl ,  C.A.,  J. Liq. Chrom., 1983, i, 1577. 

( 6 )  Xoore, S . ,  and S t e i n ,  J . ,  J. Bio l .  Chem., 1951, 192, 663. 

( 7 )  P f e i f e r ,  R.F., and H i l l ,  D.W., HPLC of Amino Acids. "Advances i n  
Chromatography", Vo1.22, Marcel Dekker, N.Y. ,  1983, p.44. 

Bar ford ,  R.A., and S l iwinsky ,  B . J . ,  Anal. Chem., 1984, 2, 1554. ( 8 )  

( 9 )  P o l t a ,  J . A . ,  and Johnson,  D.C.,  J. Liq. Crom., 1983, a, 1727. 

(10)  Turkelson ,  V.T., and Richards ,  M. ,  Anal. Chem., 1978, 50, 1420. 

(11)  F r a n k l i n ,  G.O., I n t e r n a t i o n a l  Labora tory ,  1985, p. 56. 

(12)  Hughes, S . ,  and Johnson,  D.C.,  Anal. Chim. Acta, 1981, 132, 11. 

(13)  S c o t t ,  C.D., Sep. Pur. Methods, 1974, 2, 263. 

( 1 4 )  Small ,  H. ,  S tevens ,  T.S., and Bauman. W.C., Anal. Chen., 1975, 47, 
1801. 

(15)  Sevenich,  G.J., and F r i t z ,  J . S . ,  Anal. Chem., 1983, 55, 12. 

(16)  Yan, D.R.,  and Schwedt, G . ,  Anal. Chem., 1985, 320, 325. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



HIGH-PERFORMANCE LIQUID ION-EXCHANGE CHROMATOGRAPHY 

( 1 7 )  Pohlandt ,  C . ,  Mintek R e v i e w ,  1986, 2, 48.  

( 1 8 )  Elchuk,  S . ,  and Cass idy ,  R.M., Anal. Chem., 1978, 2, 1 4 3 4 .  

(19)  Smal l ,  H . ,  Anal. Chem., 1983, 11, 235A. 

( 2 0 )  Fritz, J.S., Gjerde ,  D.T., and Pohlandt ,  C. ,  "Ion Chromatography", 
Huthig, Heidelberg,  1982. 

(21)  Haddad, P . R . ,  and Heckenberg, A.L.. 3 .  Chrom., 1984, 300, 357. 

1901 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


